The Eph receptors and their ephrin ligands play crucial roles in a large number of cell-cell interaction events, including those associated with axon pathfinding, neuronal cell migration and vasculogenesis. They are also involved in the patterning of most tissues and overall cell positioning in the development of the vertebrate body plan. The Eph/ephrin signaling system manifests several unique features that differentiate it from other receptor tyrosine kinases, including initiation of bi-directional signaling cascades and the existence of ligand and receptor subclasses displaying promiscuous intra-subclass interactions, but very rare inter-subclass interactions. In this review we briefly discuss these features and focus on recent studies of the unique and expansive high-affinity Eph/ephrin assemblies that form at the sites of cell-cell contact and are required for Eph signaling initiation.
Introduction
Eph receptors, the largest family of receptor tyrosine kinases (RTKs), and their ephrin ligands are membrane-anchored molecules that regulate cell-cell communications. Especially well studied is their participation in directing axon pathfinding and neuronal cell migration, but they also play important roles in many other cellular trafficking events, and have been referred to as the global positioning system of multicellular organisms ( Fig. 1 ) [1] [2] [3] [4] . There are several unique features of these molecules that differentiate them from other transmembrane RTKs. For example, the binding of ephrins to the extracellular part of Eph receptors not only activates their cytoplasmic tyrosine kinase domain [5] , but also leads to the transduction of a reverse signal into the ephrin-bearing cell [6] . In addition, the Ephs and the ephrins are divided in A and B subclasses based on their affinities for each other and on sequence conservation [7] . With few exceptions, the ten different human EphA's promiscuously bind to and are activated by six A-ephrins while the EphB receptors (EphB1-B6) interact with three different B-ephrins (B1-B3) [8, 9] . The interaction of Ephs and ephrins leads to the formation of unique expansive high-affinity assemblies or clusters at the cell-cell contact regions, with the most prevalent signals generated from the interaction being repulsive. Because of this, special mechanisms exist to facilitate the disassembly of the Eph/ephrin clusters, thus allowing movement of the cells in opposing directions [10] . In this review we discuss the characteristics of the unique receptor/ligand clustering at both cellular and molecular level, and suggest directions for future studies of Eph/ephrin signaling initiation.
Eph and ephrin clustering on the cell surface
Soon after the discovery of the first Eph receptor [11] , it became clear that these are not activated in a similar way as other RTK's but require pre-clustered ligands to induce efficient down-stream signaling [12] . Prior to activation, the Eph receptors are loosely distributed on the cell surface and display minimal kinase activity, unless receptor expression levels are considerably elevated [13, 14] . After activation, Eph clusters appear fairly rapidly at discrete spots on cell surface, which can be monitored with confocal microscopy [8] . More recent studies document that on cell surface, ephrins localize to and are concentrated in membrane microdomains or rafts [15] . Thus, in contrast to other RTK's where receptor dimerization is enough to trigger biological activity, Eph receptors need high local density of ligands to induce downstream signaling. Moreover, the oligomerization state of the ligands seems to control not only the architecture of the receptor/ligand signaling assemblies, but also the precise downstream cellular responses [16] .
There have been observations in the past on the existence of different Eph receptor members within the same receptor cluster [17] . Moreover, proteomic and transcriptomic studies on the regulation of Eph/ephrin signaling have shown a surprising phosphorylation of several different Eph receptors (both A and B class) by a single ligand, ephrin-B1 [18, 19] , suggesting co-clustering. However, it was only recently confirmed that the Eph clusters can indeed contain various types of receptors that cross-activate each other [20] . In this elegant study, the authors used transfected HEK cells and glioblastoma cell lines that express high levels of both EphB2 and EphA3. They observed that an antibody that has an exquisite specificity for EphA3 can pull down EphB2, in addition to EphA3, documenting a physical interaction between these receptors. While similar results have been reported for other cell types, e.g. B-lymphocytes [21] , Janes and co-authors were able to demonstrate a remarkable cross-class activation. They used a kinase-dead EphA3 receptor in COS7 and HEK293 cells that was shown to get phosphorylated when the cells were activated by an EphA3-specific antibody, thus showing a cooperative signaling via the endogenous EphB2. The level of phosphorylation was also correlated with changes in cell morphology. Moreover, the relative expression levels of the mutant EphA3 and wild-type EphB2 determined whether the receptors get activated or inhibited. Such studies can have a great impact on our understanding of Eph signaling and potential therapeutic applications in light of the the varied expression levels of different receptors in different tumor cells.
Eph-and ephrin-associated proteins
To fully understand the receptor clustering as an activation mechanism, it is also crucially important to obtain a comprehensive picture of all other molecules associated with the Eph/ ephrin clusters potentially influencing the downstream signaling. Recent studies have revealed interactions of Ephs with several other RTKs and non-RTK receptors. These include the EGF [22] , FGF [23] , and VEGF [24] receptors, the chemokine receptor CXCR4 [25] , and the NMDA receptors [26] . Many of these molecules are, however, not well studied in terms of their role in the formation of cell surface Eph receptor assemblies, but rather, at the level of expression profiles. Nevertheless, these studies have revealed potentiation of FGFR-mediated downstream signaling by the EphA4/FGFR1 complex [23] , correlation between the EphA2/VEGF interaction and tumor angiogenesis [24] , participation of EphB2 and EphB4 in the SDF-1-induced endothelial cell movement and assembly into cord-like structures [25] , and decrease of Ca-dependent desensitization of synaptic NMDA receptors by EphB2 [27] . One well-studied membrane-tethered molecule involved in Eph signaling is ADAM10, a member of the transmembrane metalloproteinases that cleave a variety of proteins off cell surfaces [28, 29] . ADAM10 specifically cleaves the A-class ephrins [30] allowing termination of EphA signaling. A tight interaction of ADAM10 with the Eph receptor assemblies is promoted by ephrin-binding, provoking conformational changes that position the ADAM protease for efficient ligand cleavage [31] , thus allowing the deadhesion of Eph-and ephrin-containing cells (Fig. 2) . Ephrin binding also changes the conformation of the cytoplasmic domain of EphA receptors, extending it away from the cell membrane and promoting association of ADAM10 with the Eph/ephrin complexes [32] . The involvement of other members of the metalloproteinase family in similar interactions with Ephs or ephrins has also been suggested [33] [34] [35] [36] .
The exact role of dephosphorylation in RTK activation or Eph receptor clustering is not yet fully understood and only few Eph-or ephrin-specific protein tyrosine phosphatases (PTPs) have been identified. After engagement of Eph receptors, ephrin-B ligands were shown to recruit cytoplasmic PTP-BL that causes ephrin dephosphorylation [37] . LMW-PTP, on the other hand, acts as a terminator of EphA2 signaling by controlling the net level of its tyrosine phosphorylation and, hence, negatively regulating the ephrin-A1-mediated cell proliferation and adhesion [38] . Tyrosine phosphatase receptors type O (Ptpro) also control the phosphorylation status of both EphA and EphB receptors, as well as the threshold response of Eph receptors and the sensitivity of retinal axons to ephrins [39] . The phosphatases Slingshot1 (SSH1) and calcineurin/protein phosphatase 2B (PP2B) are involved in EphA-dependent actin filament depolymerization and F-actin distribution in dendritic spines [40] . Taking into consideration that the kinase domain of EphA4 is partially active in solution even without ligand-induced activation [41] , the cellular control mechanisms utilize PTPs to ensure that the kinases are not overly active, potentially causing cancerous and other aberrant cellular responses. In support of this, it was recently shown that changes in PTP1B expression affect the cell surface concentration of EphA3 and the level and duration of its phosphorylation and signaling [42] . In addition, images from Fluorescence Lifetime Microscopy (FLIM) have shown a direct interaction between PTP1B and EphA3 prior to ligand-stimulation [42] . These observations confirm that the PTPs regulate Eph/ephrin signaling and might be important for controlling the formation or dissolution of the receptor/ligand clusters.
Eph-ephrin recognition
Although the cell-biological and imaging experiments discussed above have confirmed the necessity of ordered Eph/ephrin clusters for signaling, until recently we had a relatively poor picture of the molecular level details of Eph/ephrin recognition and binding. However, since the publication of the first crystal structure of an Eph/ephrin complex [43] , there has been a string of papers that have elucidated many of the specific molecular characteristics of these receptor/ligand interactions and assemblies.
Unlike other RTK, Eph receptors bind their ligands with a 2:2, stoichiometry [44] . A 'classical' RTK receptor/ligand system usually has a 2:1 stoichiometry where one ligand (or a compact ligand dimer) pulls two receptor molecules in close contact to initiate the crossreceptor phosphorylation and down-stream signaling [45] [46] [47] [48] . The first structure of an Eph/ ephrin complex [43] , however, revealed a uni-molar binding mode and a circular tetrameric configuration for a signaling competent complex. In the crystals, the EphB2/ephrin-B2 complex utilized two interacting surfaces, one responsible for the initial 1:1 heterodimer formation, the second one causing the formation of a 2:2 tetrameric receptor/ligand assembly. The initial recognition and binding is centered around a hydrophobic cavity on the Eph surface where a long ephrin loop penetrates and drives complex formation. Later studies with the minimal interaction domains of other B/B, A/A, or A/B type Eph/ephrin complexes have revealed only minor differences in this initial binding pattern. However, none of these other complexes have shown similar 2:2 circular tetramers as the EphB2/ ephrin-B2 complex [8, [49] [50] [51] [52] .
Structural features of the complete Eph receptor ectodomains
Recent structures on the entire ectodomains (ECD) of Eph receptors have revealed structural details explaining aspects of the Eph receptor clustering [53] that are essential for signaling. In essence, these studies showed that the Eph receptors use two separate interfaces for the assembly of signaling-competent clusters (Fig. 3) [54, 55] . The first one, within the ligandbinding domain, is responsible for the formation of receptor dimers (thus called 'dimerization' interface). This interface can be present even in the unbound receptors, as also seen in the earlier dimeric structure of the EphA2-LBD [49] . The other interface is within the cys-rich domain of the Eph molecules and is responsible for the formation of the higher-order assemblies. Thus, it is referred to as 'clustering interface'. The existence of these two separate and independent interacting interfaces allows the Eph receptors to utilize a so-called 'seeding' mechanism for the assembly of clusters. Once two receptors are in ligand-induced close contact, they can independently use the 'clustering' interface to bind other receptor dimers (or 2:2 Eph/ephrin complexes), thus forming a 'trimer of receptor dimers'. This process would then go on until large-sized assemblies, consisting of hundreds of receptors, are formed. The precise size or composition of these assemblies, however, is still unknown. The role of the ligand seems to be to increase the local concentration of the receptors on cell surface above the critical value for efficient clustering. It is worth mentioning that the existence of these two interaction interfaces also in the crystals of unbound Eph ectodomain could explain earlier observations that the recruitment of Eph molecules into receptor clusters does not necessarily require contact with ephrins [56] . Ligand-independent signaling can also occur if the receptor concentration is high enough, e.g. on the surface of tumor cells.
A recent X-ray structure of an EphA4-ECD reveals how unexpected intra-molecular interactions can influence receptor assemblies (Xu et al., unpublished). Thus, while the EphA4-ECD in complex with ephrin-A5 forms similar heteromeric assemblies as the EphA2-ECD/ephrin-A5 complex discussed above, when not bound to a ligand it forms head-to-tail homotypic complexes (Fig. 4) . In these complexes, the ligand-binding domain of one EphA4-ECD molecule binds the FNIII-domain of a neighboring receptor molecule, thus forming Eph assemblies independent of ephrin binding. It is tempting to speculate that the head-to-tail interactions between Eph molecules represent another example of the subtle ways Eph/ephrin signaling is controlled that maybe related to earlier findings of coexpression of ephrin ligands and Eph receptors on the same cell. Although controversial conclusions have been drawn on the exact role of co-expressed ephrins and Ephs [15, 57] , it is fairly well established by now that, at least on the cell surface of some axons, Ephs and ephrins are not only co-expressed but can also interact in cis, regulating Eph receptor phosphorylation [58] and pathway selection by spinal motor axons [59] . More structural studies are needed to confirm the exact binding mode of these in-cis interactions [57, 58] . These findings further emphasize the importance of Eph clustering and suggest that cells might have more delicate ways to control the size of the receptor assemblies than we thus far have appreciated [60, 61] .
Eph/ephrin binding interfaces as drug targets
Because many Eph receptors are either upregulated or mutated in various tumors and because there is a growing evidence for their functional role in cancer proliferation and metastasis [62] [63] [64] , there is a wide interest in targeting the Eph clusters for therapeutic purposes [65, 66] . Recent studies have also suggested multiple outcomes of the Eph/ephrin signaling, which can sometimes promote cell-cell adhesion and sometimes increase cytoskeletal collapse, and how these opposing responses are likely altered in cancers [67] . Several studies have shown that small organic molecules or peptides can either agonize or antagonize Eph signaling [68] [69] [70] [71] [72] by selectively targeting the initial Eph/ephrin recognition interface. These findings are very intriguing in terms of Eph/ephrin-related therapeutics, since Eph receptors can act as tumor suppressors in normal tissues but are potentially converted into oncogenic proteins in tumor cells [73] . Considering the recent structural studies on the importance of higher-order receptor oligomers in Eph signaling [54, 55] , we anticipate that the Eph-Eph interfaces responsible for Eph/ephrin clustering could also represent attractive targets for therapeutics. Further studies on these and other promising Eph/ephrin modulators are impeded by the fact that there are currently no crystal or EM structures or high-resolution cellular images available of the full-length transmembrane Eph receptors or their higher-order assemblies either in solution or on cell surface. It is also intriguing that the higher-order Eph assemblies can be modulated by Eph-specific antibodies [74] . A pre-clustered EphA3-specific antibody is able to trigger EphA3 conformations that promote the formation of signaling-competent receptor/ligand complexes. It would be interesting to see if such antibodies could be developed into drugs [75] .
Producing full-length Eph receptors
Although the studies outlined above have given us a fairly comprehensive structural and biochemical understanding on the initial steps of Eph/ephrin recognition and formation of receptor/ligand assemblies, high-resolution structural and architectural information for the full length Eph receptors are needed to fully understand their signaling properties. The progress in this direction has been hampered by the lack of efficient expression systems for producing milligram amounts of full-length, transmembrane(TM)-containing RTK receptors that are needed for structural studies.
A relatively new technology, Expressed Protein Ligation (EPL), offers an alternative way to tackle the problem of receptor expression. This semi-synthesis technique has been previously used for the synthesis of proteins that are difficult to obtain using purely recombinant methods [76] [77] [78] . Though EPL has been applied successfully for many intracellular proteins [79, 80] , its application to transmembrane proteins with large multidomain extracellular regions was documented only recently. A major technical difficulty comes from the fact that oxidizing conditions are needed to maintain the disulfidecontaining extracellular regions in their correctly folded state, while thiol molecules with reducing properties are required for the semi-synthesis. However, EPL technology now exists that can be used for the production of full-length Eph receptor kinases [41, 81] . Using this approach, milligram amounts of a functional Eph RTK, containing its complete ECD and cytoplasmic domain (CPD), but lacking the TM segment, has been generated [41] . According to the general principals of EPL, the authors separately produced several Eph ECD constructs containing a reactive C-terminal thioester group and Eph kinase domains containing an N-terminal cysteine residue. Upon mixing, these two preparations undergo a spontaneous, native ligation to produce a semisynthetic ECD-CPD receptor (Fig. 5) .
The semisynthetic Eph receptor was used to study the ligand-induced phosphorylation of its cytoplasmic domain. A sequential and ordered auto-phosphorylation process was documented where the C-terminal juxta-membrane segment (JMS) tyrosine is always phosphorylated first, followed by the N-terminal JMS tyrosine and, finally, by the activation loop tyrosine [41] . This is in contrast with observations for most other RTKs where the kinase activation loop is phosphorylated first. The observed phosphorylation timedependences, coupled with site-directed mutagenesis, further revealed that the Eph kinase activity directly correlates with the phosphorylation status of the JMS, and in particular with the C-terminal JMS tyrosine, and not that of the activation loop tyrosine. This is also in contrast to the accepted view for other characterized RTKs and might be related to the prerequisite of clustering associated with Eph activation. Such semisynthetic protein production method has potential applications for reconstituting many other families of single-pass transmembrane proteins.
Although EPL was used to generate milligram amounts of a functional Eph RTK, it still contains only the complete extracellular and intracellular regions, but lacks the transmembrane segment. Thus, it would be necessary to next generate Ephs containing also the TM region. This could be achieved by further extending the EPL method [76, 82] . A similar approach was recently used for a total chemical synthesis of an E. coli integral membrane enzyme, diacylglycerol kinase in detergent micelles [83] .
Future directions
The cellular and structural studies of Eph/ephrin recognition and receptor clustering discussed above have made it clear that a more interdisciplinary approach is needed to understand the precise molecular events associated with Eph signaling initiation. This could be achieved by either reconstituting the receptor clusters on controlled lipid vesicles or by obtaining high-resolution images on the cell surface. The first approach requires further developments in producing biologically active full-length receptors. EPL, for example, has shown great promise in this respect. Reconstitution of membrane proteins has earlier been done successfully for other molecules, including multidrug transporters [84] , ion channels and porins [85] [86] [87] , the Gag protein of HIV-1 [88] , and SNARE proteins [89] . Similar approaches should be tested for Eph receptors once enough purified full-length protein is available. The reconstituted Eph-vesicles would offer great advantages since the size, density, and the composition of the clusters could be easily controlled. This would provide major insight into the Eph phosphorylation and activation mechanisms.
Thus far, cell-surface imaging studies of Eph receptors and their higher-order assemblies have been performed with methods that can produce only modest resolution. This is somewhat surprising taking into consideration that an elegant study using a higherresolution TIRF (Total Internal Reflection Fluorescence) imaging illustrated how to measure lateral movement of EphA2 receptors and to observe receptor-ligand binding and clustering on human breast cancer cells [90] . This study showed that the physical reorganization of EphA2 on the cell surface involves changes in the cytoskeleton morphology and revealed a mechanism for spatiomechanical regulation of the Eph signaling pathways. Surely, we expect to see more studies on Eph/ephrin signaling assemblies using live cells and similar high-resolution imaging devices, such as atomic force microscopy (AFM) or simulated emission depletion (STED) microscopy. These techniques would complement the highresolution structural studies performed with isolated protein molecules, in a way similar to how cryo electron microscopy is nowadays commonly used to supplement traditional biochemical and cell biological studies in e.g. virus research [91, 92] .
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The Eph receptors are the largest family of receptor tyrosine kinases -The Eph receptors and the ephrins mediate a variety of cell-cell interactions.
Unique Eph/ephrin signaling assemblies form at the sites of cell-cell contact.
Here we review the molecular mechanisms of Eph/ephrin signaling. ADAM10 interacts with the EphA3/ephrin-A5 complex and cleaves receptor-bound ephrin in trans (from the surface of the opposing cell). The formation of a biologically active Eph/ ephrin complex creates a molecular recognition motif for the cystein-rich domain of ADAM10 that positions the proteinase domain for efficient ephrin cleavage. The structural ephrin and Eph domains are shown as in Fig. 1 . Crystal structure of an Eph/ephrin hetero-octamer. Eph receptor use two separate interfaces for the assembly of signaling-competent clusters. The first one, within the ligand-binding domain (Eph 'dimerization' interface), is responsible for the formation of receptor dimers (or 2:2 Eph/ephrin complexes). The other interface is within the cys-rich domain of the Eph molecule and is responsible for the formation of the higher-order assemblies ('clustering interface'). The existence of these two separate and independent interacting interfaces allows the Eph receptor to use a so-called 'seeding' mechanism for the assembly of receptor clusters containing hundreds of receptors. Ephrins are in pink or red and the Eph-ECDs are in purple or blue. Abbreviations are as in Fig. 1 . EphA4 engages in additional, homotypic, head-to-tail Eph-Eph interactions. While the EphA4-ECD, when in complex with ephrin-A5, forms similar heteromeric assemblies as the EphA2-ECD/ephrin-A5 complex (Fig. 3) , it forms head-to-tail homotypic receptor complexes when not bound to a ligand. The ligand-binding domain of one EphA4 molecule binds the FN-domain of a neighboring EphA4, which, as illustrated, could be important for expanding the Eph clusters beyond the area of ephrin contact. Abbreviations are as in Fig. 1 Expressed Protein Ligation (EPL) for generating Eph receptors. Eph extracellular domain (ECD) -thioester is generated by intein-mediated thiolysis of a purified EphECD-intein fusion protein (LBD: ligand binding domain, CR: cysteine rich region, FN III: fibronectin type III repeat). The cysteine residue at the N-terminus of the Eph kinase domain, on the other hand, is created by a protease treatment of an expressed fusion protein where a purification tag is located N-terminally to the kinase domain (Kinase: tyrosine kinase domain; SAM, Sterile Alpha Motif). The two building blocks are then ligated by a spontaneous chemical reaction to generate the semisynthetic Eph RTK.
